Estimates of target strength computed from the revised target strength-length relation struck these authors as being very large, from both theoretical and empirical evidence. Model computations by Greenlaw, reported in Ref. 13, indicated that the post-FIBEX prediction of target strength for a 35-mm krill at 120 kHz was very roughly 10 dB too high.
Acoustic estimates of abundance around South Georgia have been significantly less than the predators were estimated to be consuming. This was the background for the authors' proposal of the krill target strength experiment, which they conducted under the aegis of British Antarctic Survey at Stromness, South Georgia, during the austral summer 1987-1988. The purpose of the experiment was to determine the target strength of krill by measuring the echo energy from encaged aggregations of living E. superba. A secondary aim was to measure the sound speed in the same animal for possible collateral use in modeling work. The design of the experiment, its execution and results, and simple model computations using the observed values of density and sound-speed contrasts are presented here. •9 This is why the krill target strength experiment was staged south of the Antarctic Con-vergence, where E. superba lives, and why the density, sound speed, and other properties of the experimental subjects were measured.
Euphausiid properties tabulated in Refs. 14 and 18 suggested that the density and sound-speed contrasts for E. superba would also be quite low. Acoustic scattering must inevitably be weak, hence, it was decided to measure encaged aggregations of krill. Plans to measure single krill were abandoned when the lowness of the target strength became apparent.
Observation of directionality in scattering by euphausiids 7'2ø also influenced the experimental design. The attempt would be made to observe the orientation of krill, through a statistical distribution, concurrently with the acoustic measurements.
Clearly, the ideal measurement site would be a sheltered bay, with near-ocean-quality seawater, permitting raft operation, with accessible shore and comparatively little fresh water runoff from land. This combination was found at Stromness Harbor on South Georgia. The presence, in the abandoned whaling station, of several more or less intact buildings, for accommodations, laboratory, and equipment store, was a further inducement to adopt the site. The decision to measure encaged aggregations of krill allowed a wealth of experience with encaged fish to be tapped, as represented in the bibliography in Ref. 21 . In addition, an experiment with encaged fish, 22 could serve as a model for the present experiment. This was mostly followed, the major exceptions being that the transducer beams were oriented downward and that the target strength of single animals was not measured.
II. MATERIALS

A. Experimental site
The primary measurements were made from a raft moored securely 200 m from shore in 50-m-deep water in the harbor at Stromness on South Georgia. The site was protected from the open sea by an island blocking most of the harbor mouth. Swell with amplitude up to 0.5 m did pass through, however. The site was subject to violent catabatic winds rushing down the large and open valley behind Stromness. These reached severe gale force on roughly one out of two days, and hurricane force about once a fortnight. Depending on the wind direction and temperature, the immediate surface layer in the harbor could become quite brackish owing to glacial runoff. However, this low-density layer was seldom thicker than about 1 m, and did not affect the conduct of the measurements, which were performed far below it.
B. Krill supply and maintenance
Although krill frequently occur around South Georgia, their presence in bays, such as Stromness, is unpredictable. Fresh supplies of good-condition, live krill were obtained by the RRS JOHN BISCOE at approximately fortnightly intervals throughout the experiment. Krill captured by trawling were immediately put into seawater tanks on the trawling deck. Dead or damaged krill were removed from the tanks while the ship was at sea. Swimming krill in good condition were transferred to the holding pens when the ship returned to Stromness. This supply was augmented by fortuitous swarms of krill in the harbor. On each such occasion it was possible to attract the krill at night by surface lights to the very edge of the holding pens, where the krill could be caught by dip net and transferred in the freshest condition. It was estimated that 500 000 krill were secured after about 1 h on each occasion.
The krill were kept in a cluster of four holding pens.
Each was cylindrical in form, with 2-m diameter and 3-m depth. An air pump, driven by generator ashore, lifted water from 16-m depth to above the surface, where its fall into the pen entrained additional air. The rapid growth of algae on the sidewalls of the pens provided a source of food for the krill, which were frequently observed to be grazing on this.
A seine was hung around the holding pens and closed at the bottom. This and a fine-mesh covering of the surface openings protected the krill from predators such as penguins and seals.
C. Cage
Useful acoustic measurements were obtained with each of two identical cages. These were right octagonal cylinders of 0.5-m height and 0.5-m diameter, measured between opposite sides. The volume was thus 0.104 m 3.
The material used in the construction was plastic netting of rectangular grid 3.2X 3.6 mm. This was procured from Internet Incorporated, Minneapolis, Minnesota. The netting, product number ON-8630, is normally used in reinforcing paper, as for toweling.
The cages were constructed by sewing, with monofilament nylon, precut octagonal end panels of the mesh to the long edges of a precut rectangular panel, which formed the sidewall. The sidewall was closed by sewing with the same monofilament nylon.
D. Measurement configuration
The cage was suspended roughly 6 m below the transducers, which were mounted on a heavy frame from which other gear was suspended. The cage itself was suspended between two lightweight square frames, 3 m on a side. Lines of monofilament nylon were attached to each of the 16 corners. The upper eight were attached to a superior frame, the lower eight to the inferior frame. An underwater television camera was suspended from the inferior frame, pointing upward toward the cage. The entire rig was suspended by a single rope attached to the transducer frame and allowing raising and lowering by a winch attached to a gantry positioned over one of two identical 4 X 4-m-square moonpools on the raft. The normal operating depth of the transducers was 9m. A stereoscopic still camera system was also suspended with the television camera. However, for a variety of reasons and in spite of arduous, if Sisyphean, labors, the system provided few data and none on the particular acoustically measured krill.
E. Echo sounding and integrating instruments
H. Apparatus for biological and sound-speed measurements
Apparatus sufficient for making ordinary biological measurements of krill was available. This included a precision balance, density bottles, graduated cylinders, measuring boards, scalpels, pincers and like tools for examining, manipulating, and measuring individual specimens.
The sound-speed-measuring apparatus is described in Ref. 28. In brief, it included a T-shaped tube, used in the inverted position, with a 500-kHz-resonant acoustic transducer mounted at each end; electronics for controlling the pulsing and reception; a two-channel 100-MHz bandwidth oscilloscope for displaying the transmitted signal and independent, adjustable-length square wave; and a multimeter for measuring resistance to four significant figures. A thermometer accurate to +_ 0.05 øC over the approximate range [0,30]øC accompanied the apparatus for use in monitoring the measurement temperature.
III. METHODS
Measurements of echo energy were made from encaged krill, empty cages, calibration spheres, and integration volume without cage. Each series of echo energy measurements on a given object is referred to as an event. Measurements of length, maturity stage, density, and sound speed were made on samples of krill removed from the cage at the end of each event. The proportion of analyzed krill varied from 25% to 100% of the encaged number.
A. Echo sounder operation
The acoustic measurements were generally made in the same way. Standard settings were used on the SIMRAD EK-400 echo sounder. The time-varied-gain (TVG) function was the "20 log r" type. The pulse repetition frequency was a constant 50 pulses/min, with alternating transmissions at 38 and 120 kHz. The nominal pulse duration in the measurements considered here was 1.00 ms. Attenuator and gain settings were adjusted depending on the measurement object. 
C. Calibration
On-axis calibration with standard spheres 29 was performed throughout the experiment as often as circumstances allowed. In the absence of the cage, the sphere was lowered to a position intended to be at the center of the cage. The echo sounder and integrator were then operated as during the cage measurements. Adjustment of the attenuator and gain settings during several calibration events established the relative accuracy of these.
To supplement the on-axis calibrations at cage depth, a tungsten carbide sphere was routinely suspended at a fixed position below the transducers, but outside of the cage integration interval. This provided a ready means of monitoring equipment performance. 
E. Beam-pattern mapping
A tungsten carbide sphere was also used to map the transducer beam patterns. The adopted procedure was that due to Simmonds, 3ø although with a deliberately lesser degree of automation.
F. Environmental monitoring
The CTD-sonde was suspended at the nominal 15-m depth of the cage, but from the second moonpool, which was reserved for such measurements. When operating, both temperature and salinity were measured at 15-s intervals but logged every 2 min throughout the day. In addition, the light intensity at the same depth was measured and recorded at 2-min intervals.
G. Krill measurement
Immediately prior to an event, krill were removed from the holding pen with a small dip net, with c. 100-cm 2 opening, and counted into a 100-liter tub half-filled with surface seawater. After reaching the predetermined number, more or less, the tub was ferried to the measurement raft. Here, after raising the cage to near the surface, the krill were syphoned into it through a small slit in the top panel. Handling of the krill was thus minimal, and their apparently vigorous condition was continually confirmed by television. Krill were removed from the cage through a slit in the bottom panel. Both slits were secured by threading monofilament nylon through reinforced meshes on the sides of the opening.
Upon completing an encaged-aggregation event, the krill were transferred to the laboratory in a tub with seawater. On average, about half of the krill continued swimming vigorously, and nearly all showed signs of life, although the overall condition did vary considerably from event to event.
The sound speed in samples was measured according to the time-of-flight method. 28 The salinity of the seawater was measured, and the temperature was monitored continually during the sound-speed measurements.
Following each sound-speed experiment, the total length, from the anterior margin of the eye to the tip of the telson, rounded down to the nearest millimeter, was measured for at least 100 krill. In addition, the wet weight of this subsample of krill and the wet weight of all the krill in the sound-speed experiment were measured to within _+ 1 mg.
The density of small batches ofkrill of similar size were estimated using a density-bottle technique. Measurements of total length were also made sometimes on subsamples ofkrill removed from the cage but not used in sound-speed experiments. The number and wet weight of all krill removed from the cage were obtained by enumerating and weighing any remaining krill and addition of all subsamples.
The total number of krill removed from the cage was generally less than the starting number by a few percent, presumably owing to cannibalism. In the worst case, event number 36, the initial number was reduced by 7%, but over a 42-h period. In another case, event number 20, the number apparently increased by two specimens, believed due to miscounting or possibly entrapment by the cage during intense swarming observed in the harbor.
IV. DATA ANALYSIS
The first step in the analysis of encaged-aggregation data was to decide which data were usable. Whole events with encaged krill had to be purged for the following reasons: ( 1 ) early use of wrong limits for the integration interval, (2) distortion of the cage, with displacement from the usual position in the beam, due to entangling of the cage suspension lines, and (3) damage of the cage, with mass escape of krill, owing to a presumed collision or attack by a seal. Half of the data from another event, number 28, had to be purged because of severing of the lifting rope to the underwater rig in heavy-swell conditions. Data in the remaining events were purged very cautiously for the following reasons' ( 1 ) event start-up effects, always of short duration, (2) observed or presumed interference by extraneous scatterers such as fish, penguins, or krill swarms in the harbor attracted deliberately to the measurement raft by using underwater lights at night, (3) radio interference with the receivers during arrival of a yacht under motor power, and (4) trial use of different echo sounder settings or transducer beamwidths. For some events no data were purged, and for no event was more than 15% of the data purged, except for the fourth cause.
In order to extract target strengths or backscattering cross sections from the echo integrator data, the mean volume backscattering strengths had to be reduced. This entailed a number of analyses.
( 1 ) Conversion factors. To express the echo integrator data as absolute quantities, the calibration data were reduced. Upon combining, the following factors were derived for adding to the logarithmic SIMRAD QD units: -42.3 and --31.1 dB for the data at 38 and 120 kHz, respectively. The total range of variation of these factors was _+ 0.4 dB each.
(2) Time-varied-gain (TVG) correction factors. Several errors were incurred by the use of TVG in the receiver. One is due to the rather short target range, 6-7 m, for which the pulse length, 1.47 m, is not negligibly small. The other error is due to the distributed nature of the cage and krill aggregation, which is to be compared to the compactness of a calibration sphere. The extent of the cage, and krill aggregation too if so dispersed, was 0.5 m vertically and slightly more aslant as viewed from the transducer. For the particular "20 log r" TVG used throughout the measurements, the resulting correction factors are --0.4 dB for the cage at nominal 6-m range and 1.0 dB for the cage at nominal 7-m range. These figures apply at both frequencies. Estimated errors of the correction factor due to uncertainty in the precise target ranges, expressed through the standard deviations, are _ 0.2 and ___ 0.1 dB at the respective 6-and 7-m ranges. Analysis of the sound-speed data is described in Ref. 28.
V. RESULTS
Summary results of encaged-aggregation events with usable krill data are presented in Table I . The mean target strengths, denoted TS, are determined in the usual fashion.
First, the mean backscattering cross section • is computed; then the mean target strength is derived from the definition TS = 10 log cr/4•r.
The mean krill target strength, denoted TS• krin in Table  I , is determined by the first method of removing the cage contribution, viz.,by subtracting the mean empty-cage contribution in the intensity domain. The missing datum, for event number 54 at 120 kHz, reveals a flaw in the method, if not in the data. Here the actual cage contribution must be less than the number assumed for it. Indeed, the echo strength of cage and krill together is less than the mean cage contribution. Furthermore, the equivalent target strength at 38 kHz of cage and krill together for event number 54 is greater than that for event number 55, although the second has twice the number ofkrill of the first. Given the proximity of these events, their data are not used in the analyses reported in Table II. The result of averaging the single-krill backscattering cross sections corresponding to the respective values of target strength in Table I 
and l is the total krill length in millimeters. 35 Because each measured sample consisted of a number of specimens of varying lengths, rr was averaged over the frequency distribution of lengths, n (l): 
The several estimates have been computed for each length distribution and echo sounder frequency characterizing the events listed in Table I . They are presented in Table  III through Notwithstanding the expressed doubts, the overall condition of the krill seemed to be excellent throughout the experiment. Quite often the krill were observed to be grazing on algae growing on the walls of the holding pens or grazing in the middle of the cage. Many samples of krill examined at the conclusion of the encaged-aggregation events showed bright green alimentary canals, a sign of a well-fed state.
Observations of behavior, by underwater television camera, also support a belief in the good quality of the presented data. At times, the krill were observed swimming together as one, all parallel. Often the krill gathered together in dense clumps or knots, occupying a fraction, say from 1/4 to 1/8 or less, of the cage volume. That is, swarming behavior akin to that observed by underwater divers in the middle of naturally occurring swarms 36 was observed. At other times, the krill were spread out through the cage volume. Sometimes distinct effects of encagement were evident, but it is premature to say whether this is reflected in the acoustic record.
Some systematics of the cage behavior were aggregation at day and dispersion at night. The krill were generally swimming. Modifications in behavior were observed due to weather and to the cage itself. Application of the same instruments to naturally occurring swarms is inevitable. The value or necessity of supporting these through additional controlled measurement will be defined by the aim of such application, or more specifically, the required degrees of precision and accuracy. 
